We derive some of the most stringent constraints on neutrino speed, weak equivalence principle violation, Lorentz invariance violation, and dual lensing from the first high-energy astrophysical neutrino source: TXS 0506+056. Observation of neutrino (IceCube-170922A) and photons in a similar time frame and from the same direction is used to derive these limits. All of these constraints are stronger than those obtained from the observation of SN 1987A. We describe ways in which these constraints can be further improved by orders of magnitude.
Introduction.-IceCube, along with other electromagnetic telescopes, have discovered the first high-energy astrophysical neutrino source [1, 2] . Predictably, a lot of excitement have been generated by this momentous discovery [3] [4] [5] [6] [7] [8] [9] [10] [11] . Together with the prior discovery of a diffuse flux of high-energy astrophysical neutrinos [12, 13] , these observations provide us a new way to probe beyond the Standard model physics [14] [15] [16] [17] [18] [19] [20] [21] [22] , new IceCube signal morphologies [23, 24] , and atmospheric prompt neutrinos [25] [26] [27] [28] [29] [30] [31] [32] .
IceCube detected a through-going muon with a deposited energy of 23.7 ± 2.8 TeV on September 22 o from the blazar TXS 0506+056 situated at z = 0.3365 [1, 2, 33] . The significance of this single event is at the level of 3σ. The case for TXS 0506+056 being the first high-energy astrophysical neutrino source is further bolstered by the fact that a ∼ 3.5σ evidence of neutrino emission from the same direction is observed in prior data [2] .
The detection of neutrinos and photons is utilized in this work to derive new constraints on neutrino speed, weak equivalence principle violation, Lorentz invariance violation, and dual lensing phenomenon. Numerous studies have been undertaken in the first 3 topics, using SN 1987A and other multi-messenger observations [34] [35] [36] [37] [38] [39] [40] [41] . The last topic has been studied recently by physicists interested in quantum gravity [42] [43] [44] [45] [46] , but application to astroparticle phenomenology is few [47] .
Time delay between neutrinos and photons from distant astrophysical sources provide one of the most stringent bounds on neutrino velocity, and can even constrain neutrino mass in the near future [48] . One of the main hypothesis of general relativity states that the motion of various neutral massless particles depend on the intervening gravitational potential [49, 50] . The search for the violation of Einstein's weak equivalence principle (mentioned above) is one of the main ways to search for avenues beyond general relativity. Some quantum gravity models predict Lorentz invariance violation at some energy scale E QG [51] . Various tests of Lorentz invariance violation have been proposed and executed [52] [53] [54] [55] . The phenomenon of dual lensing implies that neutral messengers will diverge from their original paths and will appear as arriving from different directions to a distant observer. We point out that a close match in the direction of the neutrino IceCube-170922A with TXS 0506+056 implies a severe constraint on the coefficient of proportionality of this phenomenon. We use the cosmological parameters (Ω m , Ω Λ , and H 0 ) measured by the Planck collaboration [56] . Our results are summarized in Table I .
Constraint on neutrino speed.-Targeted highenergy gamma-ray observations of TXS 0506+056 in the days following IceCube-170922A indicated that the blazar was undergoing a flare [1] . Fermi-LAT and AGILE detected gamma-ray emission when the observations were binned into 7 days and 13 days respectively, and thus we take the time delay ∆t between photons and neutrinos to be ∼7 days. A smaller value of ∆t (even sub second) is expected during the observation of gamma-ray bursts in 
photons and neutrinos and this can improve the following constraints by orders of magnitude. The constraint on relative velocity difference between neutrinos and photons is [57] 
where the denominator is the co-moving distance to the source. Using the values mentioned above, we find
which is 3 orders of magnitude and 6 orders of magnitude more stringent compared to that obtained from SN 1987A observations and laboratory measurements respectively [34, [58] [59] [60] [61] .
Constraint on weak equivalence principle.-As first derived by Shapiro, a neutral particle experiences a time delay while traveling through a gravitational potential U (r) [62] 
where γ = 1 in general relativity. Weak equivalence principle violation implies that the value of γ for neutrino is not equal to that of photon, i.e., γ ν = γ ph . This inequality results in an arrival time delay between neutrinos and photons which are emitted simultaneously:
For extragalactic sources, it has been shown that the gravitational potential is dominated by the Laniakea supercluster [39, 63] . Assuming a Keplerian potential, we obtain [39] 
where the mass of Laniakea supercluster is M L ≈ 10
17
M ⊙ , and d denotes the distance to the cosmic source from the Laniakea supercluster. We can well approximate this distance to be that between the Laniakea supercluster and the Earth. The impact parameter (b) depends on the distance from the Earth to the Laniakea center (r L = 79 Mpc), the coordinates of the source in R.A. and Dec., (β s , δ s ), and the coordinate of the Laniakea center,
The value of s n = ±1 depends on whether the source is located in the same direction (+ve sign) or opposite (-ve sign) w.r.t. to the Lanikea center.
Using the data obtained from the neutrino emission of TXS 0506+056, we obtain
This constraint is orders of magnitude stronger than that derived using the observation of SN 1987A. Besides using a smaller time interval measurement, the other ways to improve this constraint is to identify the supercluster in which the source is located and to estimate the contribution due to the large scale structure.
Constraint on Lorentz invariance violation.-Quantum gravity models which postulate Lorentz invariance violation imply that there is a modification in the energy (E) -momentum (p) dispersion relationship for a particle of mass m:
where the ± sign correspond to subluminal or superluminal propagation. Typically only the index n = 1, 2 are considered and we follow the same prescription for the constraints presented here. For cosmological propagation, this implies that the time delay due to Lorentz invariance violation when the energy of one particle is much larger than the other particle is [38] 
The observations indicate that the maximum time delay is 7 days, and thus we obtain for linear (n = 1) Lorentz invariance violation
and for quadratic (n = 2) Lorentz invariance violation
where the Planck energy scale is E Pl = 1.22 × 10 19 GeV. These limits are orders of magnitude more stringent than those set by the observations of SN 1987A [54] . The constraint on E QG,1 set via observation of gamma-ray burst is stronger than the limits presented here by about 2 -3 orders of magnitude, whereas the constraint derived here on E QG,2 is stronger by a factor of 1.6 [52, 53, 64] , however this conclusion assumes that Lorentz invariance violation is present in the photon sector. Assuming that such a Lorentz invariance violation is only present in the neutrino sector, we have derived the most stringent limits.
Constraint on dual lensing.-If the phenomenon of dual lensing is present in Nature, then a distant observer will detect two messengers from different parts of the sky even if they originated from the same astrophysical source. It is similar to gravitational lensing, although the origins of this effect is beyond beyond the realms of general theory of relativity. Momentum-space curvature which is hypothesized in certain ways to quantize gravity predicts the phenomena of dual lensing. A phenomenological approach to dual lensing was undertaken in Ref. [47] where the authors assumed an energyindependent dual lensing angle for the exploratory study. However, theoretical studies about this phenomena predict an energy-dependent dual lensing angle [42] [43] [44] [45] [46] .
Various theoretical approaches to quantum gravity predict that the dual lensing angle, θ d.l. , between two astrophysical messengers of energies E 1 and E 2 is proportional to either the sum of difference between the energies, i.e., θ d.l. ∝ (E 1 ± E 2 )/E Pl [42] [43] [44] [45] [46] . If this phenomenon is observable only at Planck energy scales, then the constant of proportionality is of order 1. We define the constant of proportionality, k d.l. , and try to constrain it via the neutrino and photon observation of TXS 0506+056:
Given that the neutrino energy is much larger than the photons, and that the best-fit neutrino direction is ∼ 0.1 o from the blazar direction, we find that
A near future detection of Galactic supernova ν e in large water Cherenkov detectors [65] [66] [67] or via triangulation [68] or via detection in large liquid scintillator detectors [69, 70] can locate the supernova to a few degrees, however, that cannot improve this bound because of the lower energy of supernova neutrinos. Although electromagnetic observatories can point to a source with subdegree precision, yet this cannot obtain the best limit due to the much lower energy of photons involved. A detection of neutrinos produced in the GZK process and the corresponding source or photon signature can improve this limit by ∼ 4 orders of magnitude.
Conclusion.-The discovery of the first high-energy astrophysical neutrino source provides a new opportunity to understand various physical phenomena of the Universe. Besides a deeper understanding of astrophysics, this discovery will also constrain, or possibly discover, new physics. We use the detection of neutrinos and photons from TXS 0506+056 to constrain truly exotic physics. Some of the laws and principle we test in this work are fundamental and thus it is important to experimentally test them in as many different ways as possible.
We summarize our results in Table I . The detection of neutrinos and gamma-rays in the same week puts a strong constraint on the neutrino velocity. This upper limit is stronger than that derived from SN 1987A and existing laboratory measurements. The same observation also gives the strongest constraint on the violation of the weak equivalence principle. In this case, the gravitational potential of the local supercluster, Laniakea, dominates the measurement. The identification of the supercluster hosting the astrophysical source and a precise understanding of the contribution of the extragalactic large scale structure can improve this bound. We use the same observable to constrain the energy scale at which Lorentz violating effects become important. This is the strongest limit if such a phenomenon is exclusive to the neutrino sector. If Lorentz invariance violation is also present in the photon sector, then the photon observations probe a higher energy scale for the linear form of the violation. All of these bounds can be improved for a burst-like source where the time co-incidence between the neutrino and the photon can be decreased. For a gammaray burst, the time delay measurement can be 1 second and thus these limits will improve by as much as ∼ 6 orders of magnitude. We also constrain the coefficient of the dual lensing phenomenon via the sub-degree angular distance between IceCube-170922A and TXS 0506+056. We point out that a near future detection of neutrinos from the GZK process and the subsequent photon observation or source identification can improve this limit by ∼ 4 orders of magnitude.
We hope to have convinced the reader that the first observation of high-energy neutrinos from an astrophysical source have provided some of the strongest constraints on various exotic physics extensions. We also point out that there is scope for improvement by orders of magnitude in these type of tests and one should try to find newer ways to constrain these and other relevant parameters.
